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In Brief
Bellardita and Kiehn show that mice
display four main gaits expressed at
different speeds of locomotion with
phenotypic inter-limb and intra-limb
coordination. Genetic ablation of
populations of commissural V0 selective
disrupts specific gaits. These results
suggest that spinal circuits are organized
in modules that generate distinct motor
outputs.
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Studies of locomotion in mice suggest that circuits
controlling the alternating between left and right
limbs may have a modular organization with distinct
locomotor circuits being recruited at different
speeds. It is not clear, however, whether such a
modular organization reflects specific behavioral
outcomes expressed at different speeds of locomo-
tion. Here, we use detailed kinematic analyses to
search for signatures of a modular organization of
locomotor circuits in intact and genetically modified
mice moving at different speeds of locomotion. We
show that wild-type mice display three distinct gaits:
two alternating, walk and trot, and one synchronous,
bound. Each gait is expressed in distinct ranges of
speed with phenotypic inter-limb and intra-limb co-
ordination. A fourth gait, gallop, closely resembled
bound in most of the locomotor parameters but
expressed diverse inter-limb coordination. Genetic
ablation of commissural V0V neurons completely
removed the expression of one alternating gait,
trot, but left intact walk, gallop, and bound. Ablation
of commissural V0V and V0D neurons led to a loss of
walk, trot, and gallop, leaving bound as the default
gait. Our study provides a benchmark for studies of
the neuronal control of locomotion in the full range
of speeds. It provides evidence that gait expression
depends upon selection of different modules of neu-
ronal ensembles.
INTRODUCTION
Locomotion is an essential behavior needed for animals and hu-
mans to interact with the environment. An important aspect of
locomotion is the ability to regulate the speed. In non-limbed
locomotion, changes in speed are signaled by changes in undu-
latory frequencies and amplitudes of the motor outputs. In
limbed locomotion, the coordination of muscle activity is more
complex and changes in locomotor speed may additionally
involve changes in coordination between limbs, generating spe-
cific patterns of limb movements, or gaits. For vertebrates, the
control of locomotor movements is to a large degree accom-1426 Current Biology 25, 1426–1436, June 1, 2015 ª2015 Elsevier Ltplished by activity in neuronal networks, or central pattern gen-
erators (CPGs), localized in the spinal cord.
An emergent principle from studies of vertebrate locomotion
is that the CPG has a modular composition with different
neuronal circuits recruited at different speeds of locomotion.
In zebrafish, changes in speed may reflect the recruitment of
distinct premotor neuron pathways in the spinal cord, regu-
lating frequency and amplitude of the motor output [1–3]. Loco-
motor studies in transgenic mice have shown that left-right
alternation at all speeds completely depends on the presence
of V0 commissural interneurons, which have axons crossing
in the midline and are genetically characterized by the early
expression of the transcription factor Dbx1 [4]. In the absence
of these neurons, mice can only perform a ‘‘quadrupedal hop-
ping’’. V0 neurons can be subdivided into inhibitory V0D neu-
rons and excitatory V0V neurons. Studies in the isolated spinal
cord show that the V0D commissural interneurons secure hin-
dlimb alternation at low locomotor frequencies, whereas the
V0V commissural interneurons maintain hindlimb alternation at
high frequencies of locomotion. Excitatory ipsilaterally projec-
ting subsets of Chx10 expressing V2a neurons are known to
be critically involved in left-right alternation [5–10] particularly
at high locomotor speeds [6]. These observations suggest
that the left-right alternating circuits in the mammalian CPG
have a modular organization with distinct locomotor circuits, re-
cruited in a speed-dependent manner. However, it is not clear
whether such a modular organization underlies specific behav-
ioral outcomes in intact mice when mice move at different
speeds.
Here, we study mice that move spontaneously at different
speeds and use kinematic analyses to describe three distinct
gaits, walk, trot, and bound, expressed in distinct locomotor fre-
quencies/speeds and with distinct patterns of inter-limb and
intra-limb coordination. An intermediate gait, gallop, was ex-
pressed in overlapping frequencies with trot and bound. In
mice with ablated V0V neurons, alternating gait at low speeds
of locomotion corresponded to walk, whereas gallop and bound
were expressed at higher speeds of locomotion. Trot was ab-
sent. In mice in which all V0 neurons were deleted, bound re-
mained the only gait that was present. Our combined findings
in wild-type and mutant mice imply that modular CPG circuits
govern locomotion in mice. Our study provides a benchmark
for studies of the neuronal control of locomotion in wild-type
mice and in transgenic mice with specific perturbations in loco-
motor networks as well as for mice with disease-related changes
affecting locomotion.d All rights reserved
RESULTS
Four Gaits Characterize Mouse Locomotion
To determine how mice locomote during forward over-ground
locomotion, we allowed them to run on a stationary elevated
runway at different speeds of locomotion. Based on the foot-
print patterns and kinematic analyses, we identified the pres-
ence of three distinct gaits—walk, trot, and bound—that
were expressed in mostly non-overlapping ranges of locomo-
tor speeds and a fourth intermediate gait—gallop—that was
expressed in locomotor speeds overlapping with trot and
bound.
Walk
Walk was defined as a pattern of limb movement where three or
four feet were simultaneously in contact with the ground (Movie
S1; Figure 1A) [11]. In the most common walk pattern (>60% of
the total walking steps), one forelimb was lifted from the ground
to initiate the movement (Figure 1A), followed by consecutive
lifting of the diagonal hindlimb, the opposite (homologous) fore-
limb, and then the ipsilateral (homolateral) hindlimb. Two less-
frequent walking patterns were also observed and characterized
by alternation of homologous limbs (Figures S1A and S1B). In the
further analysis, we only compile data from the most common
pattern of walk to avoid mixing the different walk patterns in
the phase plots. The total walking steps were 20% of the total
analyzed steps.
Walk was characterized by long stance phase durations for in-
dividual limbs (about 70% of the normalized step cycle; circular
bar plots in Figure 1A), a lowmean step frequency (Figure 1E, left
panel), a short mean stride length (Figure 1E, middle panel), and
a lowmean speed of locomotion (Figure 1E, right panel; see also
Figure S1C).
Phase analysis of the inter-limb coordination during a step cy-
cle showed that the homologous limbs were alternating (0.48 ±
0.03; mean phase ± SD for the forelimbs and 0.48 ± 0.07 for
the hindlimbs; red vector; Figure 1F, upper left panel) and that
the forelimbs always touched the ground before the correspond-
ing diagonal hindlimbs (rFl before lHl; diagonal phase coupling of
0.84 ± 0.06; blue vector; Figure 1F, upper left panel).
The step-cycle composition during walk can be appreciated in
circular bar plots (Figure 1G, upper left panel). The long stance
phase of the individual legs constrained the animal to have at
least three feet simultaneously on the ground.
Trot
Trot was characterized by a pattern of movement where diago-
nal pairs of limbs (e.g., left forelimb and right hindlimb) moved
forward simultaneously and homologous pairs of limbs (e.g., hin-
dlimbs) were in alternation (Movie S2; Figure 1B). Trot showed in-
termediate ranges of stance phase durations (about 50% of the
normalized step cycle for all limbs; circular bar plots in Figure 1B),
intermediate mean step frequency (Figure 1E), mean stride
length (Figure 1E, middle panel), and mean speed of locomotion
(Figure 1E, right panel) that were significantly different from walk
(p < 0.01; one-way ANOVA followed by Bonferroni’s post-test).
Trot was the most-common gait displayed in our experiments
(53% of all steps analyzed), covering a large range of speeds
(from 0.28 ± 0.08 to 0.71 ± 0.13 m/s; Figure S1C).
Synchronous activation of diagonal limbs (0.02 ± 0.1; blue vec-
tor; Figure 1F, upper middle panel), accompanied by alternationCurrent Biology 25, 14between homologous limbs (forelimbs: 0.45 ± 0.07; hindlimbs:
0.53 ± 0.08; red vector; Figure 1F, upper middle panel) and ho-
molateral limbs (0.51 ± 0.1; green vector; Figure 1F, upper mid-
dle panel), describes the typical inter-limb coordination of trot.
The coordination pattern during trot was significantly different
from walk (Watson and William’s test; p < 0.001).
The plot of the step-cycle composition for the stance phases
during trot highlights the lack of overlap between stance phases
of homologous limbs and the specific pattern of limb coordina-
tion with two diagonal limbs simultaneously in stance phase
and the others in swing phase (Figure 1G, upper right panel).
Bound
Bound was seen as a pattern of movement of the limbs where
the animal moved the forelimbs and hindlimbs in synchrony
throughout the movement. The animals exhibited one single
phase of suspension right after the hindlimb generated push
off from the ground, landing with the forelimbs in synchrony (Fig-
ure 1C). Bound never appeared in the first or second steps of a
run, and it was never maintained for more than a few consecutive
steps (Movie S3). Bound was found in 8% of the steps analyzed.
Bound was characterized by a significantly shorter stance
phase duration (about 34% of a normalized step cycle for all
limbs; Figure 1C, circular bar plots) than trot (one-way ANOVA
followed by Bonferroni post-test; p < 0.001). The synchronization
of the swing phase during the aerial phase allowed the animal to
reach a high mean step frequency (Figure 1E, left panel), long
mean stride length (Figure 1E, middle panel), and high mean
speed of locomotion (Figure 1E, right panel; see also Figure S1C).
These values were significantly different from trot (p < 0.001).
Synchronization of the homologous limbs (0 ± 0.02 for the fore-
limbs and 0 ± 0.007 for the hindlimbs; red vector; Figure 1F, up-
per right panel) accompanied by homolateral (0.57 ± 0.1; green
vector; Figure 1F, upper right panel) and diagonal limb alter-
nation (0.56 ± 0.05; blue vector; Figure 1F, upper right panel)
characterized bound, which was significantly different from trot
(Watson and Williams test; p < 0.001).
The plot of the step-cycle composition for stance and swing
phase during bound shows that the short stance phase and
the synchronous pattern of activation of forelimbs and hindlimbs
are the conditions for the animal to have a synchronized swing
phase with all limbs simultaneously in the air (Figure 1G, lower
left panel).
Gallop
At medium-to-high frequencies of locomotion, mice also use a
gait that was neither trot nor bound. This pattern of movement
of the limbs was characterized as gallop that could be divided
into three types: half-bound gallop; left gallop; and right gallop
(Movie S4). In half-bound gallop, like in bound, the hindlimbs
moved in synchrony (0.0 ± 0.02; mean ± SD; red vector in Fig-
ure 1F, lower right panel), whereas the forelimbs, in contrast
to bound, moved out of phase (0.57 ± 0.09). Left and right gallop
were characterized by a phase shift in the hindlimb synchroniza-
tion. In left gallop, the left hindlimb was leading the right hin-
dlimb (0.83 ± 0.06; mean phase ± SD; red vector in Figure 1F,
lower left panel) and vice versa for right gallop (0.13 ± 0.06;
red vector in Figure 1F, lower middle panel). Typically, in left
gallop, the left forelimb was also leading the right forelimb
(transverse gallop). Gallop was found in 19% of all measured
steps.26–1436, June 1, 2015 ª2015 Elsevier Ltd All rights reserved 1427
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Figure 1. Mice Exhibit Four Gaits
(A–D) Side views of mice showing a sequence of walk (A), trot (B), bound (C), and gallop (D) with indication of footprints of the hind- and the forelimbs below. The
scale bars give time in ms. The square box in the bottom panel to the left indicates the order of the movements of the feet (Fls, forelimbs; Hls, hindlimbs). The
(legend continued on next page)
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The duration of the stance phase (about 43% in each limb; Fig-
ure 1D, circular bar plots) during gallop was slightly but signifi-
cantly shorter than during trot (one-way ANOVA followed by
Bonferroni’s post-test; p < 0.001) and longer than during bound
(p < 0.01). The mean step frequency (Figure 1E, right panel), the
mean stride length (Figure 1E, middle panel), and the mean
speed (Figure 1E, left panel; see also Figure S1C) were, however,
not significantly different from those observed during bound (p >
0.05). Gallop covered a speed range that was overlapping with
trot and gallop (Figure S1C).
The step-cycle composition for left gallop is shown in Fig-
ure 1G (lower left panel). The sequential activation of the limbs
with a substantial overlap between swing phases generated an
aerial phase. Gallop was significantly different from walk, trot,
and bound (Watson and William’s test; p < 0.001).
The combined analysis show that mice express three distinct
gaits, two alternating ones, walk and trot, and one synchronous
one, bound, that are expressed in mostly non-overlapping
ranges of locomotor speeds. These three gaits show unique
four-leg coordination patterns and step-cycle compositions, re-
flecting a gait-specific control of the inter-limb coordination.
Gallop was identified as a fourth intermediate gait that was ex-
pressed in overlapping frequencies with both trot and bound. It
shared similarities in many locomotor parameters with bound
but deviated significantly in the four-limb coordination, espe-
cially at the forelimb level. Therefore left-right coordination dur-
ing gallop appears as intermediate between trot and bound.
Gait-Specific Modifications at the Single-Limb Level
To further reveal the features of the different gaits, we extended
our analysis to include kinematic analyses of flexor/extensor
activity around the hip, knee, and ankle joints in individual limbs.
The stick diagrams in Figure 2A show the characteristic
sequence of hindlimb movement during a single step of walk,
trot, bound, and gallop (thigh, blue; shank, gray; foot, magenta).
The angular excursions of the three limb segments were
measured (Figure 2B) and quantified (Figure 2C) using ten steps
that displayed a step frequency and a stride length equal to the
mean step frequency and mean stride length measured for each
gait.
The shank showed similar excursions in all gaits (Figure 2C,
middle panels; 80 ± 2 for walk, 82 ± 3 for trot, 88 ± 3 for
gallop, and 91 ± 4 for bound). The excursions of the thighcircular plots below show the duration of the stance phase (filled bars) and swing
forelimb, green; lHl, left hindlimb, black; rFl, right forelimb, blue; rHl, right hindlim
(E) Mean (±SD) step frequency (walk [Hz]: 2.7 ± 0.7; trot: 5.9 ± 1.0; gallop: 9.8 ± 0.7
0.5; bound: 9.8 ± 0.2), and speed (walk [m/s]: 0.09 ± 0.05; trot: 0.51 ± 0.09; gallop:
walk, n = 66; trot, n = 174; gallop, n = 61; bound, n = 26). The mean for individua
(F) Circular plots with the mean phase values between the lHl, the reference (blac
forelimb (lHl-lFl; green vector), and the right forelimb (lHl-rFl; blue vector) for wa
leading hindlimb into right and left gallop (right gallop: n = 11; left gallop: n = 40) and
whereas phase values of 0 or 1 correspond to strict synchrony. The length of the v
inner circles represent a significance level of p = 0.05. The limb coordination was
test; p < 0.05).
(G) Circular bar graphs of the stance phase in normalized step cycles during walk,
the onsets of the stance phases, and the duration of individual stance phases are
color codes for the individual legs. The circular bar graphs only show the stance p
the feet (see A and B).
See also Figure S1 and Movies S1, S2, S3, and S4.
Current Biology 25, 14and foot showed a greater variation between the gaits. The tran-
sition from walk to trot was accompanied by a significant in-
crease in the angular excursion of the thigh from 41 ± 1 to
62 ± 2 (left panels in Figures 2B and 2C; p < 0.001) with no
significant changes in the angular excursions of the shank and
the foot (middle panels in Figures 2B and 2C; p > 0.05). When
the gait changed from trot to gallop, a dramatic increase in the
foot displacement appeared (from 92 ± 3 during trot to
161 ± 6 during gallop; right panels in Figures 2B and 2C).
Bound showed a value of angular excursion for the foot similar
to gallop (168 ± 15; Figure 2C; p > 0.05).
When the angular excursions of the thigh, the shank, and the
foot were plotted as a function of the stance and swing phase
of a normalized step cycle during walk, trot, gallop, and bound,
it became clear there was an increased synchronization of the
three limb segments as the movement changed from walk to
trot to gallop and bound (Figure 2D). During walk and trot, the
three segments were activated sequentially during the stance
and swing phases (Figure 2D). During gallop and bound, the
three segments showed similar activation for the thigh, the
shank, and the foot during both stance and swing phase
(Figure 2D).
This analysis reveals that the walk, trot, and bound show
discrete kinematic signatures of the intra-limb coordination.
In contrast, bound and gallop share the same intra-limb
coordination.
Gait Switches Happen Instantaneously
From the analysis of the different gaits, a drastic change in limb
coordination clearly occurred when the animal switched from
one gait to another. To characterize the dynamics of these
switches, we performed a detailed analysis of the spontaneous
gait switches during a single run. We used step-by-step analysis
monitoring the steps before, during, and after the transition
phase. We analyzed three specific switches: (1) switches from
low to medium speeds (from walk to trot; Figure 3A), (2) switches
from high to medium speeds (from gallop to trot; Figure 3B), and
(3) switches with large speed change (from walk to gallop and
vice versa; Figure 3C).
The switch from walk to trot happened with one intermediate
step, which was neither walk nor trot. It appeared at a typical
speed of locomotion (0.25 ± 0.02 m/s; Figure 3AI). A single in-
termediate step was also sufficient for switching from gallop tophases (open bars), in percent of a normalized step cycle (mean ± SD). lFl, left
b, red.
; bound: 10 ± 0.4), stride length (walk [cm]: 3.4 ± 0.6; trot: 6.8 ± 0.8; gallop: 9.1 ±
0.91 ± 0.8; bound: 1.0 ± 0.05) for walk, trot, gallop, and bound (number of steps:
l mice (n = 5) are represented in the graph by single points in each category.
k vector: phase value equals 0) and the right hindlimb (lHl-rHl; red vector), left
lk, trot, bound, and the different types of gallop. Gallop was sorted using the
half-bound gallop (n = 10). Phase values of 0.5 correspond to strict alternation,
ector indicated the concentration of phase values around themean. The dotted
significantly different during the different types of gallop (Watson and William’s
trot, bound, and gallop. The mean phase values (obtained from values in F) set
obtained from data presented in the plots in the lower panel in (A), with specific
hase of the individual legs. The numbers correspond to order of movements of
26–1436, June 1, 2015 ª2015 Elsevier Ltd All rights reserved 1429
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Figure 2. Intra-limb Coordination during Different Gaits
(A) Stick diagrams of the left hindlimb during a typical step during walk (top), trot (second from top), gallop (second from bottom), and bound (bottom). The thigh is
violet, the shank gray, and the foot magenta.
(B) Mean ranges of angular excursions in degrees for walk, trot, gallop, and bound. Same color code for thigh, shank, and foot as in (A).
(C) Mean angular excursion (±angular deviation) of each joint in the four gaits. Note the phenotypic changes from walk to trot to gallop/bound. Data were
compared using Watson and Williams’s test (***p < 0.001).
(D) Normalized angular excursions of thigh, shank, and foot for walk, trot, bound, and gallop plotted as a function of a normalized step cycle with stance indicated
in gray and swing in white. The three segments are sequentially activated in the stance phase during walk, less so during trot, but not at all during gallop and
bound, where a high degree of synchronous activity in both the stance and the swing phases is present (seen as an overlap between the curves).trot. The single transition step had a coordination that was
neither gallop nor trot (Figure 3B) and occurred at a specific
speed of locomotion (0.75 ± 0.05 m/s; Figure 3BI). Most striking
was the switch from walk to gallop (Figure 3C). Inter-limb coor-
dination directly changed from walk to gallop with no interme-
diate step (Figure 3C), allowing a dramatic increase in speed
(from 0.1 ± 0.01 m/s to 0.58 ± 0.08 m/s; Figure 3CI). The switch
from gallop to walk involved one or two intermediate steps in
which the inter-limb coordination was neither gallop nor walk
(Figure 3C). It always led to a severe reduction in speed
(Figure 3CI).
Variations in speed were generated by a significant change in
step frequency (Figures 3AII, 3BII, and 3CII). Only in the case of
the largest changes of locomotor speed (as from walk to gallop)
did the stride length change significantly but always after the
step frequency had changed (compare Figures 3AIII, 3BIII, and
3CIII).1430 Current Biology 25, 1426–1436, June 1, 2015 ª2015 Elsevier LtIn summary, the switch from one gait to another was abrupt,
involving one or two transition steps or even instantaneous,
with no intermediate step.
Alternating Gaits Are Lost in Mice Lacking V0
Commissural Interneurons
The presence of four main gaits, walk, trot, gallop, and bound
with specific locomotor parameters and inter-limb coordination,
gait-dependent intra-limb coordination, and defined transition
speeds, suggests a modular organization of the locomotor net-
works controlling the gaits. To assess this conjecture further,
we applied the analysis presented here to locomotor data of a
previous study of mice where excitatory V0 commissural inter-
neurons or all V0 commissural interneurons were ablated [4].
Trot Is Selectively Lost in V0V-Ablated Mice
We analyzed locomotor data from the V0V-ablated mice
(Vglut2::Cre; Dbx1-DTA mice) that were spontaneously runningd All rights reserved
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Figure 3. Gait Transitions Happen Instanta-
neously
Consecutive steps showing gait switch from walk
to trot (A), from gallop to trot (B), and from walk to
gallop to walk (C). Each panel displays the
instantaneous speed during each step (top) and
the phase differences between homologous limbs
(Fls, black circles; Hls, red circles), homolateral
limbs (lHl-lFl: green triangles) and diagonal limbs
(lHl-rFl: blue squares). In all graphs, the transition
phases are indicated with a gray background. (AI–
CIII) The dynamic of the gaits switches were
analyzed by calculating the mean speed, the mean
stride length, and themean step frequency before,
during, and after the transition phase. The switch
from walk to trot (n = 14; N = 3) resulted in an in-
crease in speed (AI) as a result of a significant in-
crease in locomotor frequency (AIII) with retained
stride length (AII). The switch from gallop to trot
(n = 7; N = 3) was accompanied by a significant
decrease in speed (BI) mediated by an abrupt
decrease in step frequency (BIII) with no changes in
stride length (BII). The switch from walk to gallop
(n = 10; N = 3) was instantaneous with no transition
steps signifying the abrupt increase in speed (CI),
which was obtained by an significant increase in
both the stride length (CII) and the frequency of
locomotion (CIII). The switch from gallop to walk
(n = 9; N = 3) required transition steps, and a sig-
nificant decrease in speed (CI) was obtained by a
decrease both in stride length (CII), and step fre-
quency (CIII). All data show mean ± SEM and were
compared using one-way ANOVA followed by
Bonferroni’s post-test (*p < 0.05, **p < 0.01, and
***p < 0.001).with locomotor frequencies from 2 to 9 or 10 Hz. Hindlimb alter-
nation (n = 37; N = 3) was present at low locomotor frequencies
(<3 Hz), and it was replaced by synchronization at higher fre-
quencies of locomotion (n = 87; N = 3; Figure 4A).When the steps
were sorted into gaits based on four-limb coordination, all alter-
nating steps in the V0V-ablated mice corresponded to walk (Fig-
ure 4B, upper left panel; Movie S5) with no sign of trot. The steps,
seen at higher frequencies of locomotion, corresponded to
bound (24% of the total steps; Figure 4B, upper right panel),
half-bound gallop (26%; Figure 4B, lower panel), and left and
right gallop (50%; Figure 4B, middle panels; Movie S6).
The mean step frequency of walk observed in V0V-ablated
mice resembled that seen during walk in wild-type mice (Stu-
dent’s t test; p > 0.05; see also Figure S2A). The mean stride
length of walk was slightly longer in V0V-ablated mice compared
to wild-type mice (Figure S2B), but the mean speed of walking
was not significantly different (Figure S2C). The frequency and
speed of locomotion where V0V-ablated mice switched from
walk to gallop were in the same range as in wild-type mice (Fig-
ure S2). Accordingly, the step frequencies of gallop and bound in
V0V-ablated mice were covering the entire range of trot and part
of the range of gallop and bound in wild-type (Figure S2A; note
though that the fastest frequencies for gallop and bound was
missing in V0V-ablated mice), leading to a lower mean frequency
than in wild-type mice (Figure 4C, left panel). The stride lengthCurrent Biology 25, 14was significantly lower than in wild-type (Figures S2B and 4C,
middle panel), leading to lower speeds of locomotion than in
wild-type mice (Figures S2C and 4C, right panel).
Walk in V0V-ablated mice showed the same step-cycle
composition as walk in wild-typemice (Figures 4D and 4E, upper
panels). In contrast, due to a long stance phase duration (about
60% of the step cycle during gallop and about 50% of the step
cycle during bound; Figure 4D, middle and lower panels), gallop
and bound in the V0V-ablated mice lacked the aerial phase (Fig-
ure 4E, middle and lower panels).
The intra-limb coordination of walk in V0V-ablated mice (Fig-
ure 4F, upper panel) exhibited angular excursions that were not
significantly different towalk inwild-typemice (Figures 4G, upper
panels, and 4H; Watson and William’s test; p > 0.05). Switching
from walk to gallop in V0V-ablated mice caused a significant in-
crease in angular excursion for the thigh, but not for the foot (Fig-
ures 4G, lower panels, and 4H). The lack of increase in angular
excursion for the foot is explained by a shorter stride length dur-
ing gallop or bound observed in the V0V-ablated mice compared
to thewild-typemice. Strikingly, the synchronous activation of all
limb joints seen during gallop and bound in wild-type mice was
also seen during gallop or bound in V0V-ablatedmice (Figure 4F).
All together, these data show that the V0V-ablated mice selec-
tively have lost the ability to trot, whereas the ability to walk,
gallop, and bound is still present.26–1436, June 1, 2015 ª2015 Elsevier Ltd All rights reserved 1431
Bound
0
1
0 50 100
Cycle Phase 
A
3
Phase vs frequency
0 6 9
0
0.5
1
Frequency (Hz)
Ph
as
e 
va
lu
e
**
n.s
Walk Bound
0
30
60
90
120
A
ng
ul
ar
 e
xc
ur
si
on
 (d
eg
re
es
)
n.sF G
H
I
Walk
Bound
0
90
180
270
0
90
180
270
0
90
180
270
0
90
180
270
0
90
180
270
0
90
180
270
Thigh Shank Foot
***
C
ED Step cycle composition
Walk
Stance and 
swing phases
lFl rFlrHllHl
Bound
Le 
gallop
B
0
0.25
0.5
0.75
Bound
0
0.25
0.5
0.75
Half-bound
0
0.25
0.5
0.75
Right gallop
0
0.25
0.5
0.75
Left gallop
0.250.75
Walk
0
0.5
rHl
lFl
rFl
lHl=ref. limb
**
n.s.
Speed 
Wa
lk
Ga
llo
p
Bo
un
d
0
0.5
1
m
/s
Stride 
length 
Wa
lk
Ga
llo
p
Bo
un
d
0
5
10
cm
Frequency
Wa
lk
Ga
llo
p
Bo
un
d
0
5
10
H
z n.s. n.s.
1
2
3
4
Walk
11
22
Bound
Le
gallop
2
3
1
4
0
1
0 50 100
A
ng
ul
ar
 
ex
cu
rs
io
n
Cycle Phase (%) 
Walk
Figure 4. Trot Is Lost in Mice Lacking Excit-
atory V0V Commissural Interneurons
(A) V0v-ablated mice (Vglut-2::Cre; Dbx1-DTA)
displayed hindlimb alternation (phase values
around 0.5) at low frequencies of locomotion (n =
36; N = 3) and hindlimb synchronization (phase
values around 0 or 1; n = 86; N = 3) at medium to
high frequencies of locomotion.
(B) Circular plots showing phase values of the rHl
(red vector), the lFl (green vector), and rFl (blue
vector) with respect to the reference lHl (black
vector) for steps in (A). All the steps with hindlimb
alternation displayed pattern of movement of the
limbs typical of walk, whereas all the steps with
hindlimb phase values around 0 or 1 displayed
pattern of movement of the limbs typical of gallop
(right, left, and half-bound gallop) or bound. Trot
was never seen.
(C) Mean values (±SD) for frequency (walk [Hz]:
2.7 ± 0.4; gallop: 4.9 ± 1.0; bound: 4.9 ± 0.7), stride
length (walk [cm]: 4.8 ± 0.1; gallop: 4.9 ± 0.2;
bound: 5.1 ± 0.1), and speed (walk [m/s]: 0.13 ±
0.04; gallop: 0.24 ± 0.05; bound: 0.25 ± 0.06) of
locomotion obtained from data in (B). Note that
gallop and bound appeared at much lower fre-
quencies in V0V-ablated mice than in wild-type
mice. The significant change in mean speed be-
tween walk and mean speed in gallop and bound
was mainly obtained by changing the step fre-
quency (one-way ANOVA followed by Bonferroni’s
post-test; *p < 0.05; **p < 0.01; ***p < 0.001).
(D) Circular bar plots of the stance (colored bars)
and swing phase (open bars), expressed as% of a
step cycle (mean ± SD) for the lHl (black), the rHl
(red), the lFl (green), and the rFl (blue) during walk
(top), left gallop (middle), and bound (bottom).
(E) Step-cycle composition for the stance phase
during walk, left gallop, and bound in V0V-ablated
mice. The small number in the outer gray circle
represents the sequence of activations of the
limbs (same color code as in D). There was no
aerial phase during gallop and bound in the V0V-
ablated mice.
(F) Stick diagrams of the left hindlimb during walk
and bound in a V0V-ablated mouse.
(G) Mean ranges of angular excursions in degrees
during walk and bound plotted in circular plots
(same color code as F).
(H) Mean angular excursions (±angular deviation)
for each segment in (G). The mean angular
excursion increased for the thigh, but not for the
shank and foot, when switching from walk to
bound in the V0V-ablated animals.
(I) Normalized angular excursions of thigh, shank,
and foot for walk and bound plotted as a function
of a normalized step cycle with stance indicated in gray and swing in white. The kinematic of the three segments is similar to wild-type mice with a sequential
activation of the three segments during walk and a strict synchronization in each phase of the step cycle during bound.
See also Figure S2 and Movies S5 and S6.Bound Is the Only Gait Observed in the V0-Ablated Mice
Next, we analyzed the data from animals in which all V0 neurons
were ablated (E1Ngn2::Cre; Dbx1-DTA).
The V0-ablated mice did not show left-right alternation of the
hindlimbs (Figure 5A), as alsopreviously reported [4], but only syn-
chronous left-right limb movements (mean phase value: 0 ± 0.03;
mean±SD). Thesynchronous left-right limbmovementswerealso1432 Current Biology 25, 1426–1436, June 1, 2015 ª2015 Elsevier Ltseen in the forelimbs. The four-limb coordination corresponded to
bound in 95% of the steps at all speeds of locomotion (Figure 5B;
Movie S7). In 5% of the steps, half-bound was expressed with full
synchronization of hindlimbs and small deviations (around 0.1
phase values) from full synchronization in the forelimbs. Thus,
walk and trot as well as left and right gallop and for the most part
half-bound were completely absent in V0-ablated animals.d All rights reserved
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Figure 5. Walk, Trot, and Gallop Are Lost in
Mice with Ablation of V0 Commissural Inter-
neurons
(A) Phase values of hindlimbs plotted as a function
of the step frequency in mice with selective loss of
V0 neurons (E1Ngn2::Cre; Dbx1:DTA) showing
synchronization of hindlimbs at all frequencies of
locomotion (n = 107; N = 3).
(B) Circular plots showing phase values for the rHl
(red), the lFl (green), and rFl (blue) with respect to
the reference lHl (black) for steps in (A). Walk and
trot and left and right gallop were never seen.
(C) Mean values (±SD) of step frequency (5 ±
0.18 Hz), stride length (4.4 ± 0.7 cm), and speed
(0.22 ± 0.07 m/s) of locomotion.
(D) Circular bar plots with stance (colored bars)
and swing phase (open bars), expressed as% of a
step cycle (mean ± SD) for the lHl (black vector),
the rHl (red), the lFl (green), and the rFl (blue) for
bound in V0-ablated animals. The mean stance
phase duration is significantly longer than the one
measured in bound for wild-type and V0V-ablated
mice (one-way ANOVA followed by Bonferroni’s
post-test; p < 0.001).
(E) Step composition for the stance phase in
bound. There was no typical aerial phase of
bounding as seen in wild-type mice.
(F) Stick diagrams of the left hindlimb during walk
and bound in a V0-ablated mouse.
(G) The mean range of angular excursion for the
thigh, the shank, and the foot were measured.
Same color code as in (F).
(H) Mean angular excursions (±angular deviation)
for each segment in (G).
(I) Normalized angular excursions of thigh, shank,
and foot for bound plotted as a function of a
normalized step cycle with stance indicated in
gray and swing in white. The activation of the three
segments was typical of bound in wild-type ani-
mals with strong synchronous activation in both
stance and swing phase.
See also Figure S2 and Movie S7.The mean step frequency (Figure 5C, left panel), the mean
stride length (Figure 5C, middle panel), and the mean speed of
locomotion (Figure 5C, right panel) were significantly lower
than observed in wild-type bound (Figure 1E; Student’s t test;
p < 0.05). These differences in the average locomotor parame-
ters were present because bound was expressed at all fre-
quencies of locomotion in the V0-ablated mice, although the
fastest frequencies for gallop and bound were missing in V0-ab-
lated mice (Figure S2A). V0-ablated mice had shorter stride
length than in wild-type mice (Figure S2B), leading to average
speeds of locomotion similar to what is seen in V0V-ablated
mice (Figure S2C) but slower than in wild-typemice (Figure S2C).
The difference to wild-type bound was also seen in the stance
phase duration (stance phase was around 65% of the normal-
ized step cycle; Figure 5D). Accordingly, the aerial phase—
typical of bound in wild-type mice—was absent in bound in
V0-ablated mice (Figure 5E).
The average angular excursions of the thigh, the shank, and
the foot (Figures 5F and 5G) were significantly lower in V0-abla-
ted mice (Figure 5H; Watson and William’s test; p < 0.001) than
during wild-type bound. However, the synchronization of allCurrent Biology 25, 14the segments typical of bound in wild-type mice was also pre-
sent in V0-ablated mice (Figure 5I).
The Alternating Gaits Interact with the Fully
Synchronized Gait to Allow Expression of Gallop
The studies of Dbx1 mutant mice show that when alternation is
present as in V0V-ablatedmice, gallop is still expressed, whereas
in the complete absence of alternation as in V0-ablated mice
gallop disappears. To further study the influence of walk and
trot on the gallop, we made a detailed analysis of the left-right
hindlimb coordination during gallop in wild-type and V0V-ablated
mice.
During gallop, phase values for hindlimb coordination in wild-
type mice (Figure 6A) were more dispersed in the upper part of
the circular plot than in V0V-ablated mice (Figure 6B). In the
V0-ablated mice where gallop was not present, the two hin-
dlimbs were in perfect synchronization at all times (Figure 6C).
The strong correlation between the dispersion of phase values
for hind-limb coordination and the number of alternating gaits
suggests that gallop is an intermediate gait created in interaction
between walk/trot and bound circuitries.26–1436, June 1, 2015 ª2015 Elsevier Ltd All rights reserved 1433
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Figure 6. Coordination of Gallop Is Affected
by the Presence of Walk and Trot
Hindlimb phase coordination during gallop in (A)
wild-type and in (B) V0V-ablated (Vglut-2::Cre;
Dbx1:DTA) mice and (C) bound in V0-ablated mice
(E1Ngn2::Cre; Dbx1:DTA). Wild-type mice ex-
hibited more diverse phase values (from 0.23 to
0.24; left; n = 51) than V0V-ablated mice (between
0.17 and 0.18; middle; n = 43). The mean phases
for left and right gallop were 0.83 ± 0.011 and
0.12 ± 0.015, respectively, in wild-type mice and
0.92 ± 0.08 and 0.09 ± 0.007, respectively, in V0V-ablated mice. The mean phase values for left and right gallop are significantly different between wild-type
andV0V-ablatedmice (Watson andWilliam’s test; p < 0.001). V0-ablatedmice showedperfect synchronization of the hindlimbmovements (0 ± 0.007; right; n = 88).DISCUSSION
In this study, we have developed an analysis method to describe
locomotion in mice moving over a wide range of speeds. We
show that mice display three gaits—walk, trot, and bound—ap-
pearing in distinct speed ranges with specific inter- and intra-
limb coordination. A fourth gait, gallop, was found to closely
resemble bound. It was expressed in overlapping locomotor
speeds with trot and bound, and it exhibited a mixed inter-limb
coordination. Switches between gaits were abrupt. Genetic
elimination of commissural interneurons caused specific gait los-
ses. Our study provides a comprehensive description of the gaits
in mice at different speeds of locomotion and suggests a
modular organization of the mammalian locomotor network.
Methodological Considerations and Differences to
Previous Studies of Mouse Locomotion
There have been a number of kinematic studies of treadmill [6,
12–14] and over-ground [15–17] locomotion in wild-type mice.
Several of them performed locomotor studies at restricted low
speeds (<0.4 m/s) of locomotion [12, 15, 17] without classifying
the alternating gait. Other studies covered locomotor speeds
where trot and gallop might be executed [6, 13, 14, 16, 18]. How-
ever, in none of these studies was the step-by-step pattern of
movement of the limbs classified as gaits and related to speed
as described here. Instead, average values for runs, containing
many steps, were given [6, 16, 18, 19], and/or the alternating
gaits were lumped into one category [6, 13, 14] or not classified
at all [18]. The presence of gallop has only been reported sporad-
ically [13], and bound has never been reported before (except as
quadrupedal hopping in mutant mice) [4, 20]. Our study, there-
fore, provides new information about the full complement of gaits
seen in mice. Furthermore, the assignment of locomotor param-
eters to gaits provides unique information about the execution of
the locomotor behavior that has not been extracted from previ-
ous studies.
The Expression of Gaits Signifies a Modular
Organization of the Locomotor Networks in Mice
The most significant finding in the present study is that the gaits
appear to be controlled by locomotor circuits that may be re-
cruited to secure appropriate motor coordination at different
speeds of locomotion. The two alternating gaits, walk and trot,
and the synchronous gait bound are expressed in mostly non-
overlapping frequency domains. Gallop appears as an interme-
diate gait expressed in a speed domain overlapping with trot1434 Current Biology 25, 1426–1436, June 1, 2015 ª2015 Elsevier Ltand bound. The distinct phenotypic expression of gaits, abrupt
switches between gaits, and the selective loss of specific gaits
in mice with ablation of commissural interneurons suggest that
the neuronal circuits controlling locomotion are organized in a
modular fashion to secure the expression of different behavioral
outcomes.
The differences between walk and trot are clearly displayed in
the left-right alternation at the hindlimb and forelimb levels. We
have previously proposed that left-right alternation is secured
by both excitatory and inhibitory commissural interneurons
[21–29], belonging to the V0 class of neurons [27, 30]. Commis-
sural interneurons are operating in a dual mode fashion with
inhibitory V0D neurons securing alternation at low speeds of
locomotion and excitatory V0V neurons securing alteration at
medium to high speeds of locomotion [4]. This dual mode orga-
nization of the left-right alternating V0 circuits was, however, not
linked to phenotypic gaits. We have made this link in the present
study. First, the two alternating gaits—walk and trot—are ex-
pressed in mutually non-overlapping frequencies/speeds of
locomotion, with walk expressed at frequencies of locomotion
below 3 to 4 Hz and trot in frequencies of locomotion from 3 or
4 Hz to 8 or 9 Hz. The switch from walk to trot happens abruptly
and in a narrow range of locomotor speeds. Second, the alter-
nating gait that remains in V0V-ablated mice corresponds to
walk and is expressed in the same frequency range as reported
for walk in wild-type mice. The combined analysis, therefore,
suggests that left-right alternation during walk is solely depen-
dent on the presence of inhibitory V0D neurons, whereas left-
right alternation during trot solely depends on excitatory V0V
neurons. The dual modular operation of the left-right alternating
systems, therefore, has a behavioral distinct correlate, namely
walk and trot.
The present study also shows that wild-type mice use gallop
and bound for high-speed locomotion. Bound and gallop were
present in V0V-ablated mice, whereas bound (previously named
quadrupedal hopping by us in [4]) was the only gait expressed in
V0-ablated mice. These findings suggest that excitatory non-V0
neurons (e.g., V3 neurons) [29] are responsible for the left-right
synchronous limb movements during bound. Our study shows
that, in the absence of the walk and/or trot, bound can be re-
cruited even at very low speeds of locomotion, where it is nor-
mally not expressed. The frequency range for gallop/bound
that was observed in V0V-ablated and V0-ablated mice was
slightly reduced with the highest frequencies for gallop/bound
being absent in the mutants (Figure S2A). This may suggest
that the V0 neurons in addition to being involved in controllingd All rights reserved
pattern may also set the frequency of locomotion. However, a
contributing factor to the lower maximal frequencies seen in mu-
tants as compared to the wild-type mice is that the wild-type
mice were studied at 2 months of age, whereas the mutants
were studied at 1 month of age because the V0-ablated mice
die at that age [4]. In all cases, the flexibility in frequency control
of bound is striking and is not shared bywalk, which is only active
in a restricted range of locomotor frequencies. When walk and
trot are absent (as in V0-ablated mice), bound becomes the
default mode.
During gallop, the most-common pattern of coordination was
represented by left and right gallop with near synchronous activ-
ity of hindlimbs and alternating activity of forelimbs. Gallop with
variable forelimb and hindlimb coordination was seen both in
wild-typemice and in V0V-ablatedmice, serving as an intermedi-
ate gait between trot and bound (wild-type mice) or walk and
bound (V0V-ablated mice). The analysis of left-right hindlimb co-
ordination in wild-type and V0V-ablated mice shows that left-
right coordination during gallop is affected by the presence of
alternating gaits. We therefore suggest that the alternating cir-
cuits controlling walk and trot interact with the circuits gener-
ating synchronous bound to produce the specific coordination
of movement of the limbs observed in gallop. The intra-limb co-
ordination that was similar in gallop and bound in wild-type mice
appears to be strongly dominated by the bound circuitry.
Together, our analysis suggests that walk, trot, and bound are
generated by distinct ensemble of neurons or modules that are
recruited in a speed-dependent way. Gallop is an intermediate
gait needed to switch to bound expressed at the highest speed
of locomotion in mice. Notably, speed can also be regulated
within the different gaits. The gait-preserving increase in speed
is primarily obtained by a change in locomotor frequency and/
or stride length (Figure S1C).
The Need to Consider Gaits when Studying Locomotion
The mouse is presently the prevailing model for studying the
neuronal control of locomotion in mammals [26, 31–34]. Only
recently have speed-dependent changes in network configura-
tion been considered when studying the locomotor network in
terrestrial [4, 6, 8, 35, 36] and aquatic animals [2, 3]. The present
study stresses this point and provides benchmarks for further
studies of neuronal networks underlyingmammalian locomotion,
as well as for locomotor deficits seen after spinal cord injury,
stroke, Parkinson’s disease, or ALS. Speed of locomotion also
regulates the visual cortical state [37–39] and cognitive functions
like navigation [40], suggesting the need for considering locomo-
tor network selection in a broader context.
EXPERIMENTAL PROCEDURES
Mice
Data were collected from five wild-type female mice at 2 months of age and
from E1Ngn2::Cre [39]: Dbx1lox-STOP-lox-DTA (Dbx1DTA) [41] and Vglut2::Cre
[42]; Dbx1lox-STOP-lox-DTA (Dbx1DTA) mice (n = 3 for each strain) aged 1 month.
All experimental procedures followed the guidelines of the Animal Welfare
Agency and were approved by the local Animal Committee.
Locomotor Experiments
Mice locomotion was evaluated using the MotoRater apparatus (TSE-Sys-
tems). The acquisition rate of the camera varied from 100 to 300 frames/s.Current Biology 25, 14So that locomotion at different speedswith different gaits could be obtained,
each animal performed locomotion according to the procedure described in
detail in the Supplemental Experimental Procedures. Multiple joints were
marked with white dots to facilitate kinematic analysis using automatized
TSE Motion High-Speed Video Analysis Software (Sophisticated Life Science
Research Instrumentation).
Statistics
Mean values were calculated as weighted averages of the mean from each an-
imal. Statistical comparisons between groups were done using a Student’s
t test (for two groups) or a one-way ANOVA followed by Bonferroni’s multiple
comparison post hoc test for linear data. Watson and Williams’s test (or Wat-
son’s U2) were used for circular data. The level of significance was p < 0.05 for
all datasets.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
two figures, and seven movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2015.04.005.
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